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\^ , Abstract 

.<^ ' The R-symmetry formalism is applied for the supersymmetric SU(3)c ® SU(3)i ® 

U(l)x (3-3-1) model with right-handed neutrinos. For this kind of models, we study 

generalization of the MSSM relation among R-parity, spin and matter-parity. Discrete 

symmetries for the proton stable in this model are imposed, and we show that in such 

a case it is able to give leptons masses at only the tree level contributions required. A 

f\j , simple mechanism for the mass generation of the neutrinos is explored. We show that 

CD \ at the low-energy effective theory, neutrino spectrum contains three Dirac fermions, one 

massless and two degenerate in mass. At the energy- level where the mixing among them 

*^ . with neutralinos turned on, neutrinos obtain Majorana masses and correct the low- 

^P \ energy effective result which naturally gives rise to an inverted hierarchy mass pattern. 

This mass spectrum can fit the current data with minor fine-tuning. Consistent values 

^-^. for masses of the charged leptons are also given. In this model, the MSSM neutralinos 

Oh! and charginos can be explicitly identified in terms of the new constraints on masses 

^ ' which is not as in a supersymmetric version of the minimal 3-3-1 model. 
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1 Introduction 

Although the Standard Model (SM) gives very good results in explaining the observed prop- 
erties of the charged fermions, it is unlikely to be the ultimate theory. It maintains the mass- 
lessness of the neutrinos to all orders in perturbation theory, and even after non-pertubative 
effects are included. The recent groundbreaking discovery of nonzero neutrino masses and 
oscillations [1] has put massive neutrinos as one of evidences on physics beyond the SM. 

The Super-Kamiokande experiments on the atmospheric neutrino oscillations have in- 
dicated to the difference of the squared masses and the mixing angle with fair accuracy 

[2,3] 

Am^^^ = 1.3^3.0x IQ-^eV^ (1.1) 

sin2 2eatm > 0.9. (1.2) 
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While, those from the combined fit of the solar and reactor neutrino data point to 

Ami = 8.0+0:4 X 10-^ eV^ (1.3) 

tan^^o = 0.45+°:°?. (1.4) 

Since the data provide only the information about the differences in ml, the neutrino mass 
pattern can be either almost degenerate or hierarchical. Among the hierarchical possibilities, 
there are two types of normal and inverted hierarchies. In the literature, most of the cases 
explore normal hierarchical one in each. In this paper, we will mention on a supersymmetric 
model which naturally gives rise to three pseudo-Dirac neutrinos with an inverted hierarchical 
mass pattern. 

The gauge symmetry of the SM as well as those of many extensional models by themselves 
fix only the gauge bosons. The fermions and Higgs contents have to be chosen somewhat 
arbitrarily. In the SM, these choices are made in such a way that the neutrinos are massless 
as mentioned. However, there are other choices based on the SM symmetry that neutrinos 
become massive. We know these from the popular seesaw [4] and radiative [5] models. 
Particularly, the models based on the SU(3)c ® SU(3)i U(l)x gauge unification group 
[6, 7, 8], called 3-3-1 models, give more stricter fermion contents. Indeed, only three fermion 
generations are acquired as a result of the anomaly cancellation and the condition of QCD 
asymptotic freedom. The arbitrariness in this case are only behind which SM singlets put in 
the bottoms of the lepton triplets? In some scenarios, exotic leptons may exist in the singlets. 
Result of this is quite similar the case of the SM neutrinos. As a fact, the mechanisms of 
the Zee's type [5] for neutrino masses arise which been explored in Ref. [9]. 

Forbidding the exotic leptons, there are two main versions of the 3-3-1 models as far as 
minimal lepton sectors is concerned. In one of them [6] the three known left-handed lepton 
components for each generation are associated to three SU(3)l triplets as {ui, I, 1^)l, in which 
/£ is related to the right-handed isospin singlet of the charged lepton / in the SM. No extra 
leptons are needed and therefore it calls that a minimal 3-3-1 model. In the variant model [7] 
three SU(3)l lepton triplets are of the form (z/^, /, z/f)^, where z/f is related to the right-handed 
component of the neutrino field z//, thus called a model with the right-handed neutrinos. This 
kind of the 3-3-1 models requires only a more economical Higgs sector for breaking the gauge 
symmetry and generating the fermion masses. Among the new gauge bosons in this model, 
the neutral non-Hermitian bilepton field X° may give promising signature in accelerator 
experiments and may be also the source of neutrino oscillations [10]. In the current paper, 
the neutrinos of the 3-3-1 model with right-handed neutrinos is a subject for extended study. 

The 3-3-1 model with right-handed neutrinos gives the tree level neutrino mass spectrum 
with three Dirac fermions, one massless and two degenerate in mass [11]. This is clearly 
not realistic under the experimental data. However, this pattern may be severely changed 
by quantum effects and gives rise to an inverted hierarchy mass pattern. This is a specific 
feature of the 3-3-1 model with right-handed neutrinos which was considered in Ref. [11] (see 
also [12]), but such effects exist in the very high level of the loop corrections. 

Some years ago, one of us was proposed the construction of the supersymmetric 3-3-1 
model with right-handed neutrino [13]. In this paper, we explore a consistent neutrino mass 



spectrum of such a type but in a different side. Namely, that tree level mass spectrum will 
become a real one of the massive neutrinos due to mixing among them with the neutralinos 
in the supersymmetric version of the model [13]. In this case, we show that an inverted 
hierarchy mass spectrum for the neutrinos may be obtained but at only required the tree level 
contribution which can fit the current data with some minor fine-tuning. Thus, our result 
differs from many extensions of the SM. As far as the mechanism concerned, it obviously 
keeps in the kind of an seesaw one. It is not as in the case of the minimal 3-3-1 model, in 
which its supersymmetric version [14] gives only the real lepton mass spectra when the one 
loop corrections added [15]. Moreover, in our case the charged leptons always gain consistent 
masses from different impacts due to mixing among the neutrinos with the neutralinos. 

The outline of this work is as follows. In Sec. 2 we review the concept of R-symmetry 
and R-parity, in order to apply this concept on the supersymmetric 3-3-1 model with right- 
handed neutrinos. In Sec. 3 we define the R-charge in our model in order to get similar 
results as in the Minimal Supersymmetric Standard Model (MSSM). While in Sec. 3.1 we 
impose another discrete symmetry that allow neutrino masses but forbid the proton decay. 
On Sec. 4 we calculate the fermion masses in our model. Our conclusions are found in the 
last section. At least, in Appendix A, we present the mass matrix elements of the neutral 
fermions. 



2 R Symmetry 

It is important to note that the SM can explain the conservation of lepton number (L) 
and of baryon number {B) without needing to any discrete symmetry. However, this is not 
the case of supersymmetric theories where only if interactions of conserving both L and B 
are required, one has to impose one discrete symmetry. This section recalls how R-parity 
emerged as a discrete remnant of continuous U(l) R-symmetry which is necessarily broken 
so that the gauginos and gluinos to acquire masses in the MSSM. 

2.1 R Syminetry in Superspace Formalism 

The R-symmetry was introduced in 1975 by A. Salam and J. Strathdee [16] and in an 
independent way by P. Fayet [17] to avoid the interactions that violate either lepton number 
or baryon number. There is very nice review about this subject in Refs.[18, 19]. 

The concept of R-symmetry is better understood in superspace formalism, where the R- 
symmetry is a U(l) continuous symmetry, parametrized by a. The operator which produces 
this symmetry is going to be denoted as R. This operator acts on the superspace coordinate 
e, e as follows [20] 

R^ -^ e-''^e, 

Re -^ e'^e. (2.1) 



Hence the 9 has R-charge to be R(^) = — 1, while 9 is R(^) = 1. 

The operator R acts on chiral superfields <l>(a;, 9^ 9) and anti-chiral superfields $(a;, 9, 9), 
respectively, in the following way [21] 

K<^{x,9,9) = e=^^"*"$(a;,e-*"^,e^"^), (2.2) 

K^x,9,9) = e-2™*"$(a;,e-^"^,e*"^), (2.3) 

where 2n$ is the R-charge of the above chiral superfield. This new charge n$ is an additive 
conserved quantum number. This operator acts on the vectorial superfield by the rule 

RV{x,9,9) = \/(x,e-*"^,e*"^). (2.4) 

The expansion of the superfields in terms of 9 and 9, see [21], is given by 

<^{x,9,9) = A{x) + V29iIj{x) + 99F{x) 

+i9(T"'9dmA{x) - -^{99)d^ilj{x)a'^9 
V2 

+^{99){99)nA{x), (2.5) 

^{x, 9, 9) = A{x) + V29^{x) + 99F{x) 

-i9a'^9dmA{x) + ^{99)9a"''d^^lj{x) 
v2 

+h^99){99)^Mx), (2.6) 

Vwz{x, 9, 9) = -9a"'9A^{x) + i{99)9X{x) - i{99)9X{x) 

+ -{99){99)D{x), expansion in Wess-Zumino gauge, (2-7) 

where A{x),F{x) and D{x) are scalar fields; ip{x) and \{x) are fermion fields, while Am{x) 
is vector field. 

Combining Eqs.(2.2) and (2.5) we get the following transformations for the field compo- 
nents, respectively 

A{x) ^ e2*"*°A(a;) 

ij{x) ^ e'<"*-5)-^(a;) y {2.i 



Similarly, for the anti-chiral superfield we get 



A{x) ^ e-2^"*"A(a;) 

^(a;) H^ e-='<"*-^)>(a:) } ■ (2-9) 

F{x) ^ e~2i(n*-l)ap(^) 



From Eqs.(2.4) and (2.7), the field components in the vector superfield transform as 



R 



\{x) ^ e^"A(a;) 
\{x) ^ e-^"A(a;) 
D(x) ^ D(x) 



(2.10) 



The transformations in Eqs.(2.8), (2.9) and (2.10) can be rewritten in terms of 4-components 
spinors as [19] 



A{x) 
D(x) 



R 
R 
R 



-^m\X J , 



3«75Q! 



D(x) 



A{x) 



A{x 
A{x 

F{x 
F{x 



R 
R 
R 
R 
R 



g2i75(n$-l/2)a ^ f^\ 
g2iK>-l)a ^^^^^ 
^-2i{ng>-l)a p(rji.\ 



(2.11) 



In Eq.(2.11), A that is the Majorana spinor represents the gauginos, while '^{x) represents 
the Dirac spinor for quarks and leptons. 

For products of left-handed chiral superfields, it is to be noted that 

a a 

Thus, the general superfield terms given below 

d^e^x,e,e)^{x,e,e), 
d^e ^x,e,e)e^^^'^'^'><^{x,e,e), 
^ d^e l[<^a{x,e,e), if 5]n, = i, (2.12) 

are all R-invariant. 



2.2 Continuous R-Symmetry in MSSM 

In the MSSM [22] the left-handed fermions are in doublets, whereas the right-handed an- 
tifermions are in singlets: Ll ~ (1,2,-1), /£ ~ (1,1,2) and Ql ~ (3,2,1/3), ul ~ 
(3*, 1,-4/3), dl ~ (3*, 1,2/3). The Higgs bosons are in doublets. Hi ~ (1,2,-1) and 
H2 ^ (1,2,1). With these multiplets, the superpotential of the model is written as 



W2 = l2eHiH2 + fi0aeLaLH2, 

W, = fi,eLaLHJlL + fr,eQ^LH2u'JL + fieQ^LHJ',L 

+ \abc(^LaLLbLlcL + Kaj^QiLLahd^i + \jkd'iL'^'jLdkL- 



(2.13) 



Hereafter, the superscript L will be removed from the superfields, and the SU(2) indices are 
default. The superscript ^ indicates the charge conjugation and e is the antisymmetric SU(2) 
tensor. The sub-indices a, 6, c run over the lepton generations e, /i, r and i, j, /c = 1, 2, 3 run 
over the quark ones. 

Because of Eqs.(2.2) and (2.3), the terms proportional to A, A' and A" are forbidden by 
the R-symmetry. The following example illustrates this statement. Suppose that 



which imply 



uhi = nH2 = 0, for Hi, H2, 
nq = riu = Ud = riL = rii = -, for Q, u", d", L, I'' 



Hi,2{x,9,9) 



R 



tan ^lOLL 



iJi,2(a;,e-*"^,e 



(2.14) 



(2.15) 



$(a;,^. 



R 



e^° <l(a;,e-^"^,e^°^), $ = Q, u\ d\ L, T 



By Eqs.(2.8) and (2.9), their components transform 



as 



^1,2(2:) 
^1,2(2:) 

hix) 



R 



R 



^ ^1,2(0:), 



-^ e 



,ia 



R 



hix), 



R 



. e— /£(a;) 



^(x) 



:2.i6) 



(2.17) 



We recall that Hi^2{x) are the Higgs bosons, Hi^2{x) are the higgsinos, / are the squarks and 
sleptons, and \E'(a;) are the quarks and leptons. The consequence of the above transformation 
is summarized as 



ordinary particle 
super symmetric partner 



R 



R 



ordinary particle, 
e^*"supersymmetric partner. 



(2.1^ 



Under the transformation law in Eq.(2.17), the conserving terms are given by 

W = fLHit + fQHj^ + rQH2tf. (2.19) 

Therefore, the couplings A, A' and A" are forbidden by the charge assignment given in 
Eq.(2.14). These terms if they were allowed would induce the rapid proton decay. We 
allow only the terms from which the fermions in the model gain masses [18]. 



2.3 Problem with Continuous R-Symmetry, Discrete R-Parity 

Because of Eq.(2.12), all the Lagrangians are invariant under the continuous R-symmetry and 
this obviously avoids the proton decay. However, such an unbroken continuous R-symmetry 
which acts on the gaugino and gluino mass terms would maintain them massless, even after a 
spontaneous breaking of the supersymmetry. To see this, let us remember that the gaugino's 
mass term is given by [23] 

mx (AA + AA) , (2.20) 

which, under the R-symmetry (2.10), transforms as 



mA e"*"AA + e 



-2ia 



AA 



:2.2r 



As a result, the mass term (2.20) is not invariant under the R-symmetry. This fact forces 
us to abandon the continuous R-symmetry, in favour of the discrete R-symmetry, called 
R-parity. Thereby the R-parity automatically allows gluinos and other gauginos masses. 

The discrete R-parity, denoted by R^, which is able to solve the above problem can be 
obtained by putting a = n. Taking this value into account on Eqs.(2.1), (2.2), (2.3) and 
(2.4) we get the following transformations 



KdO 

RMx,e,e) 
RdV{x,e,e) 



Rrf 



Rrf 



Rrf 



Rj 



Rrf 



-0, 

e2*"*"$(a;, -6, - 
e-2^"i'^$(a;, -e, 

v{x,-e,-e). 



It is worth emphasizing that, under this (discrete) transformation law, the terms 66 
6666 are invariants which is very helpful in further analysis. 

Now, under the discrete symmetry, the components of the superfields transform as: 



(2.22) 
6 and 



A{x) 
ip{x) 
Fix) 



e 



2™*^ A (a;) 



Rrf 



Am{x) 
\{x) 
A(x) 
Dix) 



R, 



(2.23) 



Rrf 



Rj 



Rd 



Am\X) 

-\{x) 

-Xx) 

Dix) 



> . 



^2.24) 



From (2.24), we see that (2.20) is, of course, invariant under the discrete symmetry as 
mentioned. Moreover, the last term in (2.12) can be redefined by 



d^6 \{^a{x,6,6) , 



if ^n, = 0. 



:2.25) 



In the next, we will show that there is a close connection between R-parity and baryon, 
lepton number conservation laws. Its origin is in our desire to get supersymmetric theories 
in which B and L could be conserved, and simultaneously, to avoid unwanted exchanges of 
spin-0 particles. 

2.4 Discrete R-Parity in MSSM 

Applying the conditions coming from (2.25) on Lagrangians in (2.13) we get the following 
equations 

riHi + nH2 = 0, nL + uh^ = 0, (2.26) 

nHi +nL + ni = 0, n^i + ng + n^ = 0, (2.27) 

nH2 +nQ + nu = 0, uq + n^ + n^ = 0, (2.28) 

2nL + ni = 0, 2nd + n„ = 0. (2.29) 

Unfortunately, not all of these relations can be satisfied simultaneously. Only some of these 
constrains can be satisfied. For example, choosing 

n-Hr = 0, n^2 =0, nL = -, uq = -, 

111 
ni = --,n„ = --, nrf = --, (2.30) 

the superfields will transform as 



R 



v{x,e,e) h^ v{x,-e,-e), (2.31) 

H^^2{x,e,e) ^ H,,2{x,-e,-e), (2.32) 

^x,e,e) ^ -^{x,-e,-e), (!> = Q, u", d", L, i". (2.33) 

In terms of the field components, we obtain 



Am{x) ^ AUx), H,,2{x) ^ iJi,2(x), fix) ^ -fix), 
A(x) ^ -A(x), #i,2(x) ^ -Hi,2ix), ^ix) ^ ^ix). 



(2.34) 



Therefore, the first condition in (2.26), both conditions in (2.27), and again the first condition 
in (2.28) are satisfied and this does not happen with the remaining conditions. The terms 
in the superpotential (2.13) which satisfy the rule with the parameters in (2.30) are 

W = ijeHiH2 + fi,eLaHJl + f^^eQ^H2u'j + ft,eQ,Hj'^. (2.35) 

Their others terms are forbidden which are behind that A and A' are kinds of the lepton 
number violating parameters while A" is a type of the baryon number violating parameter. 

Equation (2.34) suggests to classify the particles into two types of so called R-even 
and R-odd. Here the R-even particles (-R^ = +1) include the gluons, photon, W^ and Z 



gauge bosons, the quarks, the leptons and the Higgs bosons. Whereas, the R-odd particles 
{Rd = —1) are their superpartners, i.e., the gluinos, neutrahnos, charginos, squarks and 
sleptons. Therefore, R-parity is parity of R-charge of the continuous U(l) R-symmetry and 
defined by 

{+1 for ordinary particles, 
(2.36) 
— 1 for their superpartners. 

The above intimate connection between R-parity and baryon number, lepton number 
conservation laws can be made explicitly by re-expressing (2.36) in terms of the spin S and 
the matter-parity (—1)3-5+^ ^g follows [25]: 

R-parity = (-1)2^(-1)3^+^. (2.37) 

Therefore, all scalar fields {S = 0) can be assigned R values 

1. Usual scalars: B = L = =^ R = +1 

2. Sleptons: B = 0, L = l^ R=-l 

3. Squarks: -B = |, L = =^ R = —1 

Analogously for fermions {S = 1/2) 

1. Gauginos: B = L = =^ R = —1 

2. Leptons: 5 = 0, L = 1 ^ R = +1 

3. Quarks: 5 = |, L = ^ R = +1 

Because of the gauge bosons as well as all vectorial fields have B = L = 0, R-parity = +1. 
It is to be noted that the above assignment is correct only for the MSSM, where the vector 
gauge bosons do not carry the lepton number (L = 0). 

To finish this section, let us note that there will be a lot of other choices of the charges 
in (2.29) to forbid the fast proton decay [26]. However, all such choices are due to the action 
of R-symmetry which in a general way can be written as [27] 

$ — > e^*"*^^*. (2.38) 

Here it is similar to a Zn symmetry. Among those choices, there is a possibility which allows 
neutrinos to gain masses. Indeed, choosing 

uhi = riH^ = ul = ni = 0, 

1 1 

nq = -, nu = nd = --, (2.39) 



we get the following transformation of the superfields 

{Q,u',d') ^ -(g,M^rf^), {L,F,H,,H2) -> {L,F,H^,H2). (2.40) 

The terms which are allowed by this new R-parity are obtained by 

+\abceLaUll + X[^JeQ^Lad']. (2.41) 

As shown in Refs. [28, 29, 30], this superpotential gives neutrinos masses. 

3 Discrete R-Parity in SUSY331RN 

In the supersymmetric 3-3-1 model with right-handed neutrinos (SUSY331RN) [13], the 
fermionic content is the following: the left-handed fermions are in triplets/antitriplets La = 
{i^a,L,K)L ~ (1,3,-1/3), a = e, n, r; Q^l = {da,Ua,d'^) ~ (3,3*,0), a = 1, 2, 
Q3L = (%! d^, u') ~ (3, 3, 1/3). The right-handed components are in singlets: /^ ~ (1, 1, 1), 
u1, d1, ^ = 1, 2, 3, which are similar to those in the SM. In addition, the exotic quarks 
transform as u''^ ~ (3*, 1, —2/3), d'^ ~ (3*, 1, 1/3). The scalar content is minimally formed 
by three Higgs triplets: r] = (jfl.'n- ,riY ~ (1,3,-1/3); x = {.x\,X',xlY ~ (1,3,-1/3) 
and p = {pi, p°, p^)"^ ~ (1, 3, 2/3). The complete set of fields on the 331SUSYRN is given 
in Ref. [13]. 

In the model under consideration, the superpotential is given by 

W2 = PoaLaV' + PiaLaX' + PnVv' + l^'xXX' + /"2'7x' + I^^XV' + /"pPP', 

W2. = XlabLap'lb + X2aeLaXP + ha^Laflp + XiabeLaLbf) + KuQsV'Ui 

+K[Qzfj'u"' + K2iQ3x'u''i + K^Qax'u'" + K^aiQaVdt 

+ '^3a(}Qo'nd'^ + I^AaiQaPut + t^'iaQaP^'" + l^^iQsP'di + K'^^Qspd^^ 

+ ti6aiQaXd'i + t^'&adQaXd'p + fl^^PXV + fl^^piCV + Caf3-yeQaQf3Qf 

~^^aaiQaLadi + X^j/^d^Ujdf^ + C,lijl3d^Ujdp + q,2aal3Q aL ad p 

Hupdlu'^ + UA^'"^ + ^5a^pd':rJ'^ + i^^pd'^u"'d% (3.1) 

Applying the conditions coming from (2.25) on (3.1), we get the following equations 
ul + n^' = 0, n^ + n^i = 0, n^ + n^' =0, % + %' = 0, 

ul + npi +ni = 0, nL + n^ + np = 0, ul + n^ + n^ = 0, 2nL + n^ = 0, 

riQs + rirf + n„ = 0, uq.^ + rirf + n„/ = 0, uq.^ + n^/ + n„ = 0, 

^03 + %' + ^«' = 0, ^Q3 + V + «d = 0, nQ3 + n^/ + Ud' = 0, 

^Qc +nr, + nd = 0, ng^ + n^ + Ud' = 0, ng^ + % + n^ = 0, 
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^CK 



n^ 



rid' 



^Qc +nL + nd 

2nd + nu 

rid + Ud' + n„/ 

2nd' + riu' 



0, riQ^ + np + n„ = 0, nq^ +np + Uu' = 0, 

0, np + n^ + Urj = 0, Up/ + n^i + n^' = 0, 

0, uq^ +nL + Ud' = 0, 

0, rid + rid' + n„ = 0, 

0, 2nd + riu' = 0, 2nd' + n„ = 0, 

0. 



Choosing the following R-charges 



(3.2) 



n^ 
riL 


= nri' = n^ = n^i = np = 
= riQ^ = riQ, = 1/2, 


= rip' 


rii 


= riu = nd = nu' = nd' = 


= -1 



(3.3) 

and looking at Eq.(2.23), it is easy to see that all the fields r], r]', x, x'y Pi f> ■, L, Qa, Qs, I, 
u, u', d and d! have R-charge equal to one, while their superpartners have opposite R-charge 
similar to that in the MSSM. The terms which satisfy the defined above symmetry (3.3) are 



W 



Y^^ + Y^^ + Y^^ T^^ T^^ 3 1^1"*^"^ ^b 



-Kn 






'^l^&aiQaX.di + f^QapQaXd^ 

+ fi^PXfj + fl^p'x'fj'] . 



ip 



(3.4) 



Because of the lepton content of the considering model, the lepton number L obviously 
does not commute with the gauge symmetry. However, a new conserved charge C can be 
constructed through L by making the linear combination L = xX^ + yXs + CI where A3 and 
Ag are the diagonal generators of the SU(3)i group. Applying this operator on a lepton 
triplet, the coefficients will be defined 



-|a, + £/. 



(3^5) 



Moreover, it is useful to produce another conserved charge B which itself is usual baryon 
number, B = BI . Thus, the R-parity in this model can be re-expressed via the spin S*, new 
charges C and B in terms of 



\2S/ 



R-parity =(-l)^^(-l)=^(^+^), 
where the charges B and C for the multiplets are defined as follows [11] 



Triplet 


L 


Q3 


X 


V 


P 


B charge 





1 
3 











C charge 


1 
3 


•2 
3 


4 
3 


2 
3 


2 
3 



(3.6) 



(3.7) 
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Anti - Triplet 


Qa 


x' 


i 


P' 


B charge 


1 
3 











C charge 


1 
3 


4 
3 


2 

3 


■1 

3 



(3.8) 



(3.9) 



From the superpotential given in Eq.(3.4), it is easy to see that the charged leptons gain 
mass only from the term 

Alab 



Singlet 


l" 


u^ 


d^ 


u'^ 


d"" 


B charge 





1 

3 


1 

3 


1 

3 


1 

3 


C charge 


-1 








2 


-2 



-Lap II + he. 



The Higgs fields can have VEVs given by 



(p) = (0,M,0)^, (p') = (0,m',0)^, 
(r/) = (t;,0,0)^, (V) = (t;',0,0)^ 
(X) = (0,0, ti;)'^, (x') = (O,O,ti;0^- 



Combining (3.10) and (3.11) we get mass terms 



ilall + UDu' 



(3.10) 



(3.11) 



(3.12) 



which lead to the following mass matrix 



X 



^u' ^u' ^u' 
^u' ^u' ^u' 
^u' ^u' ^u' 



Hence, all the charged leptons get mass. Notice that only VEV of p' is enough to give the 
charged leptons masses. 

Remind that due to conservation of the -R-parity defined in Eq.(3.3), there are no terms 
which give neutrinos masses in the superpotential. Thus, in this case the neutrinos remain 
massless. From another hand, the gaugino mass terms are given by 



GMT — TT 



rnx 
2 



E(A^A^ + A^A^: 



.a=l 



m 



— (AbAb + AbAb). 



Remind that in this model the non-Hermitian gauge bosons are defined as 



V2W^ 

* " m 
' m 



^Yi 






v 



iV^. 



(3.13) 



(3.14) 
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According to these equations, gauginos of the model are defined as 

V2A± = \\Tt\^. 



M; 



V2\t = A^±zA^, 



Then, in terms of these fields, Eq.(3.13) can be rewritten as 



A^ - 1\\. 



(3.15) 



"^A.,3x3 



m 



-mA(A^^A+ + \y\+ + AxoAxo.) - ^(AiAi + A^A^) - '-^XbXb + he (3.16) 

The mass matrix of charginos and higgsinos arises from the following Lagrangian 



-HHV 



-i)'A*"r^'A^ + r^'A^'^r^'A^ - ^'A*VA^ + p'A^'^p'A^ - x A^'^x'A^ + x'A^'^x'A^] 
ig' 



v^ 



1-- 1-- 1-- 

-(wAb - r^f/As) - -(xxAb - XXAb) + -{vv'^b - v'^'Xe) 



1-- 2-- 2-- 

+ ^(X x'Ab - x'x'^b) + -{ppXb - PpXb) - -{pp'Xb - p'p'Xb) 

Using Eq.(3.15), we can rewrite the Lagrangian as 



(3.17) 



C 



HHV 



Y 



= +ig[vr] X^ + wx X^ + u{p^X^, + p^Xy) - v'r]'+X^, - w'x'^^X 

- u'{p[-X^ + pTA?)] - ^r^?Ai - ^9vf,',Xxo - ^^^A^ 

- tgwx'iXxo^ + t9w^'^X2^\ + ^P°Ai - ^P^A^ + '-^Vi^\ + Wv'V2^xo' 

+ ^^f Ai + ^gw'x'?Xxo - ^^t^'^X^i + ^p'°Ai - ^p^i - ^^'«^p°A, 



+ 



«^^ ~o 



3v^' 



^iAb + f^X^A^ - ^<Ab - ^x'2°Ab + ^^V J^p^A^ + he (S.U 



12 
3' 



3v^ '^ " ' 3v^"^ " 3v^ '^ " 3v^ 
The mass terms of the higgsinos are given by 

Pv — / Px ' Pp ~~l /l / — I — I ~ ~\ Jl f~l~i I , l~l~l , ~i I ~i\ 

- yW - yXX - yPP - y e(PX^ + PXV + PXV) - y e(p XV + PXV +PXV) 
In the terms of field components, the above expression can be rewritten as 



he 



^ivH' + rv'^ + VW2') - ^{Ptp\- + p'p" 



ptp'2 ) 



Px /r^O ~/0 



/l 



(x?xf + x-x'+ + x^x'2°) - V I (P°x^ - PtrH + (Ptx- - p'xDvl 

ip"x'2' - p'ix'^Wi' 



+ m\ - x^p' + (Ptr - P°^2°)x? + (p°^? - ptr)xl 



3 



•;^'-^'+ ;^'0~/0n,/0 



+ (Pfx ^ - p'xi^X + (x^^^i*^ - xi^^2^)p" + iP2-r - P%')xl 



+ (p'V - p'rr )x'2^ 



he 



(3.19) 
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The neutral gauginos and higgsinos are mixed by matrix A^ 



X°= E N^P^% (3-20) 



/3=gauginos, 
higgsinos 



where the Xa forms fifteen physical Majorana particles. While, the charged gauginos mix 
with higgsinos via two mixing matrices C^^ 



/3=gauginos, 
higgsinos 

to form six physical Dirac particles. These matrices will be presented in the next section. 



3.1 The Discrete Symmetry for Proton Stability and Neutrino 
Masses in SUSY331RN 

As before, if we choose the R-charges as follows 



ni 


= 


1 

riri — n^ — -, 




rirj' 


= 


n^' = riu = riu' = 


1 

~2' 


^Q3 


= 


rip' = 1, nd = Ud' 


= -2, 


Up 


= 


3 

-1, "-Qc = 2' ^i 


3 



(3.22) 
then the terms under this symmetry are obtained by 

W^ = 2 (/"Oal'ai?' + fJ'laLaX' + fJ'vVV' + l^xXX' + /^257X' + fJ'SXV + l^pPp' 

+ - (XiahLap'll + \2a^LaXP + Xza^Laffp + X^ahf^LaUp + K.uQsfj'u'r + K^Q^^fl'u"' 
+ K,2iQ3X'Ui + K,'2Q3XU"' + t^SaiQaVd^ + K^^pQaVd'^ + K,4aiQaPU'i + K.'iaQaPu'" 

+ K.5iQ3pdi + n'^pQzp'ctp + KQaiQaXdi + K.6apQaXdp + fi(^PXV + f[(^p'xv' 

+ ■^aaiQaLadl + ^2aal3QaLad^J . (3.23) 

In this case, it is easy to see that the fields L, /, Q^, u, u', fj, f/', x, x', p, p', Qs, d and 
d' have -R-charge equal to one, while the others fields have opposite -R-charge. 

The superpotential in (3.23) provides us the mass terms for leptons and higgsinos 

— ^W — ^^aX'-y^x'-yX^' — ^(LaXP+pLaX) — ^{Laf^p+pLar]) ^LaUp+hc, 

(3.24) 
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which in terms of field components get a form 

- ^M^' + laV'^ + KV',') - ^ {l^aX',' + laX'^ + <X^) 

- ^m? + rx'^ + v'^x'^') - ^ixH' + x-r + x%') - ^[Kxl - ^axDp' 
+ {P'K - PtQxl + {Ptia - p'u,)xl] - ^[{Kv^i - ^av>' + {p'< - PtLH 

+ {ptla-p'ya)4]-^Kyi>-<^a)p' + h.C (3.25) 

It is easy to see that the above Lagrangian gives mass terms for neutrinos and forbids the 
proton decay. 



4 Fermion masses 

With the above mass terms, we get the mass matrices for the neutral and charged fermions, 
respectively. Diagonalizing these matrices, we get the physical masses for the fermions. 

4.1 Masses of the neutral fermions 

Mass Lagrangian for the neutral fermions are easily obtained by 

Mneutral = '^ [pOa{l^aLV'l + KlV2) + Pla{l^aLX'l + KlX2) + pMVi + %°^2°) 

+ Pxix1x[' + xlx2') + Ppp'p" + P2{vWi' + v'^xf) + MxW + x%') 

-g [^2aU{iyaLXl " ^^aLXl) " >^2aWVaLp^ + XsaUiiy^LVl " '^aLfl2) 
+ >^3aVl^aLP^ + y^iahU{ulL^hL ' ^L^^aL) + flVp^xl + fl^p^fj^ 

+ fMM - XK) + fWp'^x!^ + f[w'~p'%' + f[n\x:H' - X'i%2°)l 



— — (2AxoAxo* + A^A^ + A^A^) — —Xb^b 
+ ^ViXa + WVV2XX0 + -T^Vi^A + WWXiXx^* 

-^9^^l\xl\\ - ^/Ai + ^p°A^ - ^<Ai - rgv%'Xx.. 
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-ig'u'J-p^Xs + h.c. 

In the basis \E'*' of the form 

(z/i z/2 1^3 yl vl vl - i\\ - tXxo - tXxo* - t\\ - i\b v1 v[' vl V2 Xi X'l X2 X2 P' P °) , 
the mass Lagrangian can be written as follows 

-i(^yr°^° + /i.c. (4.1) 

Here Y^ is symmetric matrix with the nonzero elements given in Appendix. A, where the 
mass eigenstates are given by 

X° = Ar,,v[/0, j = l,...,21. (4.2) 

The mass matrix of the neutral fermions consists of three parts: (a) The first part M^ is 
the 6x6 mass matrix of the neutrinos which belongs to the 3-3-1 model with right-handed 
neutrinos; (b) While, the second part Mjv is the 15 x 15 mass matrix of the neutralinos which 
exists only in its supersymmetric version; (c) The last part M^^jv arises due to mixing among 
the neutrinos and neutralinos. Thus, the mass matrix for the neutral fermions is signified as 
follows 

To keep consistent with the low-energy effective theories, some Yukawa couplings in the 
sub-matrices will be fixed in terms of fine-tunings needed in this model. First, we know that 
the mass matrix M^, gives three Dirac eigenstates. Two of them have degenerate eigenvalues 



"^'^ ~ 3 V ^412 + -^413 + -^423 ^^^^ the other one massless. Thus, it is easy to identify the mass 
splitting rrii, as the value of measured atmospheric neutrino mass difference Amatm ~ 5x 10~^ 
eV. By putting A412 = A413 = A423, we get 

A412 = A413 = A423 = 2 X 10 , 

A421 = A431 = A432 = -2 X lO^^l (4.4) 

It is worth emphasizing that when the mixing terms turn on, this inverted spectrum will not 
only give rise to mass splitting between the two degenerate Dirac states, it will also split 
each Dirac pairs into two non-degenerate Majorana states, resulting in the spectrum with 
six Majorana eigenstates with four heavier ones and two light ones. Here we are assuming 
that the solar oscillation is between the two heavier Majorana states. 

Finally, to keep the mass constraints from astrophysics and cosmology [31] as well as to 
be consistent with all the earlier analyses [15], the parameters in the mass matrix Mn can 
be chosen as a typical example by: 

/x^ = 300 GeV, /ip = 500 GeV, /i^ = 700 GeV, 
;x2 = 50 GeV, /i3 = 200 GeV, m' = 2000 GeV, 
fix = 3000 GeV, fi = 1.8, i[ = 10"^ (4.5) 
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Here in this model, the Higgs bosons' VEVs are fixed as follows 



Vr, -- 


= 15 GeV, Yr,' = 10 GeV, 


Vp -- 


= 244.9 GeV, Vp, = 13 GeV, 


'X2 = 


= t;^, = 1000 GeV, 



(4.6) 

and the value of g given in [31]. 

Now, the mixing terms rise to correct the effective ones, thus, in some ways we can get 
the physical masses. In the first case, the parameters in the mixing matrix M^^f can be 
chosen as follows 

1. For the dimensionless parameters: 



(4.7) 



A21 - 


= 0, A22 = 0, A2S = 


A31 = 


= 0, As2 = 0, Ass = 



2. For the mass-scale parameters (in GeV): 



flQl = 10 '^, fl02 = 10 *, fi03 = 0, 

fin = 10-^ yui2 = 0, /iis = 0. (4.8) 

Hence, the neutralinos obtain the masses in GeV as follows 

3210.2199, 3152.6352, 3152.6352, 3004.7008, 2087.1869, 

693.1140, 672.9818, 367.2895, 281.0245, 269.3481, 

151.7631, 115.9158, 48.4871, 46.7180, 39.5593. (4.9) 

The tauon neutrino gains masses in eV by 

5.39600 X 10~^ 4.12596 x 10"^ (4.10) 

while the masses of the electron and muon neutrinos are (in eV) 

6.31927 X 10~^ 5.49914 x 10"^ 

5.46530 X 10"^ 4.70848 x 10^^ (4.11) 

In the second case, the values of the parameters in the mixing matrix M,yi\f are given in 
another way as below 

1. For the mass-scale parameters: 

/iOl = 0, /io2 = 0, /io3 = 0, 

/ill = 0, /ii2 = 0, /ii3 = 0, (4.12) 
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Figure 1: The inverted hierarchy mass pattern of neutrinos in the modeL 



2. For the dimensionless parameters: 



A21 = 


= lo-^ A22 = lo-^ A23 


-^31 = 


= lo-^ A32 = 0, A33 = ( 



10" 



(4.13) 



The masses (in GeV) of the neutrahnos are 



3210.2199, 3152.6352, 3152.6352, 3004.7008, 2087.1869, 
693.1140, 672.9818, 367.2895, 281.0245, 269.3481, 
151.7631, 115.9158, 48.4871, 46.7180, 39.5593. 

The tauon neutrino in this case gains masses in eV by 

1.95303 X 10-^ 4.87078 x 10"^ 

Also, the electron and muon neutrinos have masses in eV 

8.37329 X 10^2^ 5.52047 x 10~^ 
5.51605 X 10^1 3.69629 x 10~^ 



(4.14) 



(4.15) 



(4.16) 



Notice that the coupling constant g', X^ab and the parameter m' appear only in the mass 
matrix of the neutral fermions, while, those of the charged sector are Aiaf,. 

As above, we give two typical examples of the values of the mixing terms which not only 
give the consistent mass spectra of the neutrinos but also keep an large enough hierarchy so 
that the neutrahnos gain the masses satisfying the lower mass limit (> 32.5 GeV) from as- 
trophysics and cosmology. Consequently, the neutrinos in this model yield inverted hierarchy 
mass patterns as shown in Fig.(l). 



4.2 Masses of the charged fermions 

The terms contributing to the masses of the charged fermions are 



M 



A 



lab 



charged 



ial'iiU 



Jl / \ 1 N Jl f ~l /+ / I -/ /+ /\ 

y (P2 X V + pjT] w) - y (P2 XV + pi r]^w) 



w'x'^Xy - u'{p[-x^ + pta?)] - ^rr - ^{ptp'r 

''aV ;r'aX - —1] X - —X V —^aPiW + -^laP2V + h.C. 



PtP2) - f X-X'+ 



2 ' 2 ' 2 ' ' 2 ' ' 3 

To write the mass matrix, we will choose the following bases 



i) = (^h h h -iXw -^\ V X' 

^+ = [ll II II t\^ t\+ fi'+ x'+ p+ p+ 



pi P2 

T 



and define 



With these definitions, the mass term is written in the form 



(4.17) 
(4.18) 



where 



X 







- 


i(^±)^y±^ 


^ + /i.e. 


) 












r± = 


^ 
X 


X^\ 

;• 








matrix 


is given 


by 














a 

Al31„,/ 
3 " 


U 

Al22,,/ 

a 

3 " 


Alls./ 

Al23^/ 












2^01 
|P02 
2^03 


2^11 
|/il2 
|/il3 




~ 3 ^ 











-mA 





-^t;' 





^M 

















-mA 





-^W' 





gu 











gv 





2 


m. 

2 


fw 

















5(W 


i£3 
.,2 


2 





ft; 











-V 





1^' 





2 





^ 











-gii! 





f-' 





MP 
2 / 



(4.19) 



(4.20) 



The chargino mass matrix Y^ is diagonalized by using two unitary matrices, D and E, 
defined by 



X- 






Xi 



E^j^J. «,J 



l,---,9. 



(4.21) 
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The characteristic equation for the matrix Y^ is 

det(F± - A/) = det ( ~^ ^A = dei{\^ - X^ ■ X). (4.22) 

Since X^ ■ X is a symmetric matrix, A^ must be real and positive because Y^ is also sym- 
metric. Hence, to obtain eigenvalues, one only have to calculate X'^ ■ X. Then we can write 
the diagonal mass matrix as 

MscM = E*XD-\ (4.23) 

To determine E and D, it is useful the following observation 

MicM = DX'^ ■ XD-^ = E*X ■ X'^{E*)-\ (4.24) 

which means that D diagonalizes X^ ■ X, while E* diagonalizes X ■ X'^. In this case we can 
define the following Dirac spinors: 

'^{Xt) = (xt X'f, '^%x;) = (x7 xtY- (4.25) 



where xt is the particle and Xi is the anti-particle [22, 32]. 

Now to get mass values, all the parameters in the neutral sector should be kept in this 
sector of the charged fermions. Corresponding to the first case in the neutral sector, we have 
obtained the following masses (in GeV) for the charginos: 

3156.1474, 3004.4371, 665.1171, 263.3014, 209.0726,45.9104. (4.26) 

The ordinary leptons gain masses in GeV as itIt- = 1.7766, m^ = 0.1057, rrie = 0.00051. In 
this case, the masses have been obtained by using the remaining set of the dimensionless 
parameters: 

Am = 1.18xl0-^ Aii2 = 10-^ Ans = 10"^ 

Ai2i = 10-^ Ai22 = 2.44 X 10-2, Ai23 = 10"^ 

Ai3i = 10-', Ai32 = 10-', Ai33 = 4.10xl0-\ (4.27) 

The second case is obtained by changing only the mixing terms as in the neutral sector. 
As a result, the masses are the same as in the previous case. Thus, the ordinary charged 
leptons get the consistent masses; and, the lightest chargino with the mass of 45.9104 GeV 
is in the experimental lower limit of 45 GeV. It was shown in this section that, there are 
nine fermions. However, as mentioned above, by the conservation of R-parity, there are only 
six charginos. 

To summarize, as above we have given at the tree level the consistent masses for the 
charged leptons and the neutrinos in the supersymmetric 3-3-1 model with right-handed 
neutrinos. Such a model for the leptons is more simpler than that of the supersymmetric 
minimal 3-3-1 model [14], where the loop corrections are needed for the masses of the lep- 
tons [15]. The charginos and neutralinos in this model gain the masses respectively very 
smaller than those of the supersymmetric minimal 3-3-1 model [15]. Contrasting with the 
supersymmetric minimal 3-3-1 model, the MSSM neutralinos and charginos in this model 
can be directly identified via the mass spectra given above, where the mass constraints on 
the MSSM particles can be found in Ref.[34]. 
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5 Conclusion 

In this article, we have found, in framework of the supersymmetric 3-3-1 model with right- 
handed neutrinos, definitions of the R charges which are similar with that in the MSSM. 
This means that in the considered model, there is one discrete symmetry which allows the 
neutral and charged fermions, gauge bosons and scalar fields to get masses and at same time 
forbidding the proton decay. Thus, in this case there exists one phenomenology similar to the 
MSSM with the famous missing transverse energy events, which is specific of the i?-parity 
conservation [33]. 

We have showed that there is one symmetry which gives neutrinos masses but forbids 
the proton decay. Unlike the cases with the MSSM and the minimal 3-3-1 model [15], in this 
model, all the fermions get masses at the tree level. 

The famous relation for the R-parity in the MSSM has been generalized to this kind of 
the 3-3-1 models. In this case it relates to the new conserved charge C A simple mechanism 
for the mass generation of the neutrinos has been explored. We have showed that the model 
naturally gives rise to the neutrinos an inverted hierarchy mass pattern. Moreover, the 
MSSM superpartners in this model can be explicitly identified which is unlike in the case of 
supersymmetric extension of the minimal 3-3-1 model. 
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A Mass matrix elements of Y^ 

The nonzero elements of Y^ are 

"^1,5 = "^5,1 = - o (^421 - A412), "^1,6 = "^6,1 = -^(^431 - A413), 

/^Ol A31 //ii 

"^1,13 = "^13,1 = ^, "^1,14 = "^14,1 = ^M, "^1,17 = "^17,1 = ^, 

"^1,18 = "^18,1 = — :ru, mi,2o = "^20,1 = — ^w, 

7712,4 = ''^4,2 = "77(^412 — A42l)j ""^2,6 = ""^6,2 = ~7t('^432 ~ -^423)? 

/^02 -^32 /^12 

"^2,13 = "^13,2 = ^, "^2,14 = "^14,2 = —U, 7772,17 = "^17,2 = — , 

A22 A22 
"^2,18 = "^18,2 = ^M, "^2,20 = "^20,2 = ^W, 

^3,4 = ''^4,3 = ^77('^413 — -^431)5 "^^3,5 = "^^5,3 = ^77(^423 — -^432), 
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"^3,13 
"^3,18 
"^4,12 
"^4,19 
m^,12 
"^5,19 
"^6,12 
"^6,19 
m7,7 

"^7,20 

"^8,9 
"^9,15 

"^10,12 



A33 ^^13 

"^13,3 = ^, "^3,14 = "^14,3 = ^M, 7713,17 = mi7,3 = — , 



"^18,3 



A'-os 

2"' 
A23 



\23 



-^31 

3"' 
/ill 



/^Ol 



^2l 



"^12,4 = ^M, "^4,15 = "^15,4 = ^, "^4,16 = "^16,4 = ^M, 



A 



mi9,4 = — , m4_20 = "^20,4 
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-^, 



A32 ^^02 A22 

"^12,5 = ^M, m5,i5 = mi5^5 = — , m5,i6 = mi6,5 = — M, 

/il2 A32 

"^19,5 = ^, "^5,20 = "^20,5 = ^W, 

A33 A^03 A23 

"^12,6 = ^M, m6,l5 = "^15,6 = ^, "^6,16 = "^16,6 = ^M, 

/il3 A33 

"^19,6 = ^, "^6,20 = "^20,6 = ^t', 

-TBa, m7,i2 = mi2,7 = -/=, ^7,13 = mi3j = — ^, 

gu gu' 

"^20,7 = /=, "^7,21 = "^13,7 = /=, 

"^9,8 = "^10,10 = -iTT-x, m8,i4 = "^143 = gv, ms^n = rriir^s = 



-gw 



"^15,9 = 
"^12,10 



-gv , mg^ie = mi6,9 = gw, 



gv_ 



, "^10,13 = "^13,10 



gv_ 



"^10,18 
"^10,20 
"^11,11 
"^11,18 

"^11,20 
"^12,13 
"^12,18 
"^13,16 



"^18,10 



-gw, mio,i9 = "^19,10 



3^^ 



gu 



"^20,10 — —7=, ""^10,21 — ""^21,10 

g'v 



-m , mil, 12 = "^12,11 



gu 

"^11,13 = "^13,11 



g'v' 

3v^' 



"^18,11 



"^20,11 



g'w 
3V2 



, ""^11,19 — ""^19,11 



g'w' 



3v^' 



12 , 
-gu, mii,2i ="^21,11 



'>'■ 



/^r; 



"^13,12 = Y' "^12,17 = "^17,12 

/l 

"^18,12 = —U, mi2,20 = "^20,12 = —W, 



2' 
/i 



/i3 

"^16,13 = y, "^13,19 = "^19,13 



III Jl I 

—U , mi3,21 = "^21,13 = Y^ ' 
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"^16,17 = "^17,16 - 2 ' 



-, "^14,16 = "^16,14 = ~ Y"' ™ ~ "" ~ 

a 



"^14,15 = "^15,14 = Y' "^14,16 = "^16,14 = ~^^^ "^14,19 = "^19,14 = Y' 
^15,17 = "^17,15 = - y" ' "^15,18 = "^18,15 = y, 



/^X _ _ _ _ /: 



"^17,19 = "^19,17 = ^, "^17,20 = "^20,17 = v"' 



/^x _ _ _ _ /: 



"^18,19 = "^19,18 = ^, "^18,21 = "^21,18 = Y^' 

3 

"^20,21 = "^21,20 = Y" (^-^^ 
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